ABSTRACT
INTRODUCTION
n the nuclear power plants, steam cycle will eject further heat to the environment than its converting to useful energy. The useful energy of the steam cycle can be defined as multiplication between thermal power and efficiency. The heat which is given to the environment named thermal pollution. The thermal efficiency of the power plant is ratio of useful energy against given heat energy [1] . Therefore, the amount of thermal energy is discharged as pollution per unit quantity of useful energy is given by one minus thermal efficiency per thermal efficiency [2] . From this statement it is evident that increasing the thermal efficiency value of the steam cycle of the nuclear power plant reduces the ratio of the thermal pollution to useful energy output [1, 2] . Increasing the thermal efficiency will reduces thermal pollution, amount of nuclear fuel, and the cost of power production.
This paper studies the concept of an experimental nuclear power reactor (HTGR-10) as the nuclear power plant model in Indonesia. HTGR-10 concept is high temperature gas-cooled reactor that uses helium within primary cooling system and water/steam in the secondary cooling system. The steam cycle of HTGR-10 employs 74 the basic Rankine cycle. The isentropic compression process passes through the feed water pump, the isobaric heat addition process occurs inside steam generator, the isentropic expansion process is developed within the turbine, and the isobaric heat rejection process takes place in the condenser.
This study proposes the regenerative steam cycle for HTGR-10 with thermal power of 10 MWth. The thermal efficiency value of the basic steam cycle (Rankine cycle) can be improved by heating the two tanks with internal heat before water enters to the steam generator. In the regenerative steam power cycle, steam is streamed from extraction pressure channel in the turbine and is used to heat the feed water. The two tanks used are feed water tank and intermediate feed water tank. The superheated steam is generated at high pressure inside the steam generator and supplied to the steam turbine in which it expands adiabatically from high pressure to extraction pressure. A fraction of the total flow rate of steam is extracted and sent to the feed water tank and the intermediate tank. In these tanks, the extraction steam is mixed directly with feed water emanating from condensate pump. The condensing steam heats the water until it is at the saturation temperature at lowest pressure of the cycle. The saturated condensate and feed water are pumped to the steam generator pressure.
The objective of paper is to analyze the effect of inlet pressures, extraction pressure, turbine efficiency, pumps efficiencies, and tanks on thermal efficiency value include feed water tank and intermediate feed water tank of the regenerative steam cycle for HTGR-10 concept. The solution method is created scenario of the cases for obtaining the enthalpy values of each observation points from steam cycle. The Cycle-Tempo is needed to simulate the entire component models of the regenerative steam cycle. Thermal efficiency of regenerative steam cycle is calculated to get the performance value [3] .
METHODOLOGY
Basic steam cycles are typically used for gas-cooled reactor with its major components is depicted in Figure 1 along with the thermodynamics states of the working fluid [4] . This steam cycle is composed by a steam generator, a condenser, a pump, and a turbine. From state 1 to state 2, an ideal pump executes an adiabatic, reversible (isentropic) process to raise the water from the pressure of saturated liquid to the pressure of steam generator [5, 6, 7] . From state 2 to state 3, a steam generator heats the water liquid at a constant pressure (isobar transformation) moving from a saturated liquid state 2′ to a saturated vapor state 3′ in which all the liquid becomes steam. Then the steam is superheated until it reaches the state 3. After, the superheated steam enters in a turbine where it produces an expansion through and adiabatic, reversible process. The superheat process is necessary in order to guarantee that within turbine only steam is present, this preserving the turbine blades from condensation and erosion [8, 9] . However, the amount of superheat should be kept as lower as possible in order to avoid waste of energy and maximize the thermal efficiency performance of entire cycle. The mechanical friction that occurs when steam passes over the blades of the turbine generates thermal energy which increases the enthalpy and reduces the net work ouput of the outgoing steam. Thus, the enthalpy of steam after expansion is higher than which it would be at the end of isentropic expansion. Turbine efficiency (t) of the steam power cycle can be written as followed [4] : 
where h is turbine inlet enthalpy, hi is extraction enthalpy, and his is extraction enthalpy on isentropic expansion. By using the first law of thermodynamics and by assuming that change of kinetic and potential energy is negligible, the enthalpy increase of the condensate across an ideal feed water pump is [4] 
where p is the difference of pressure across the feedwater pump, v is the specific volume of water. As seen on the Equation (2), if the pump efficicency (p) is less than 100 %, the increasing enthalpy is greater than that given in the previous equation because some of mechanical work supplied to the pump is converted to thermal energy.
By making an energy balance for feed water tank, the amount of steam extracted from turbine can be calculated. Total energy enter to tank equals with total energy leaving tank. The specific energy output of the turbine is total specific energy drop of steam generator and can be determined as followed [4, 5] :
The energy required to power the pumps can be determined as follows [4, 5] :
The pump works are negative, which means that the work must be supplied to each pump from an external source. The total specific heat transfer in the steam generator is total heat transfer required to generate the superheated steam from feedwater and can be found from [4, 5] :
The thermal efficiency of steam cycle is ratio of total useful energy output to the total energy added in the HTGR-10 core, as followed [4, 6] :
By applying for the above equations and by using properties values obtained from the Mollier diagram and steam tables, the Cycle-Tempo package will calculate the thermal efficiency for different inlet steam pressures, different turbine and pumps efficiencies, and for different values of extraction pressures.
The proposed regenerative steam cycle to be utilized for HTGR-10 which is planned to be build in Puspiptek area, Serpong, as can be seen in Figure 2 . The regenerative steam cycle has been reviewed and analyzed by using Cycle-Tempo Software. Cycle-Tempo is a computer program for thermodynamic modeling and optimization of systems for the production of electricity. Therefore, this computer code can be used to calculate the relevant mass and energy flows in the system of HTGR-10. This computer code package program was developed by TU Delft [10] . The description about the regenerative steam cycle for HTGR-10 is as followed: the initial working fluid of helium gas as coolant of HTGR-10 core comes out from the circulator with mass fraction 100 %. The helium is then streamed to the core, and in the steam generator the helium is cooled by the working fluid of water that comes out from the regenerator. After flowing through the feedwater heater the hot water enters into steam generator. In the steam generator the hot water is heated again until reaching superheated vapor condition. Then, the mass flow of superheated steam containing 100 % vapor phase goes to the turbine for producing the mechanical power. The steam that comes out from the turbine is utilized further as a heating fluid in the tanks which has a rich liquid phase coming out from condenser. The process is repeated as a cycle. Figure 3 depics HTGR-10 concept with regenerative steam cycle with two tanks including feed water tank and intermediate feed water tank by using Cycle-Tempo. Specific volume of water of 0.001 m 3 /kg, and the enthalpy of water of 173.85 kJ/kg. The electricity power of HTGR-10 was about 3.075 MWe. The internal turbine efficiency is enthalpy drop ratio of the actual process to the isentropic process for the same pressure conditions, as shown in the Equations (1) and (2) . Internal turbine efficiency includes the effects of all losses due to friction in the turbine such as nozzles, blades, and so forth. It is also includes moisture losses due to the wet steam at the blade entry. Table 2 shows the enthalpy and entropy values for regenerative steam turbine cycle with two feed water tanks at the process diagram. The turbine inlet temperature is 435 °C and turbine inlet pressure 35 bars. The friction that occurs when steam passes over the turbine blades generates the thermal energy which increases the enthalpy and reduces the net work output of the outgoing steam. As seen in the Table 2 , the enthalpy of steam after the expansion process is higher than which it would be at the end of isentropic expansion. Thermodynamic analysis had carried out to two extraction points of turbine for the two tanks. The specific energy output of the turbine can be calculated by using Equation (3) for yielding its efficiency. (3), (4), (5), and (6), the thermal efficiency is calculated for regenerative steam cycle with two open feed water tanks. The variables of steam cycle are different inlet steam pressure, extraction pressures, turbine efficiency, and pump efficiency. These variables were entered to the Cycle-Tempo package and the results of thermal efficiency were plotted on the graphs. Figure 4 describes that the maximum thermal efficiency of the regenerative steam cycle with two tanks occurs at optimum pressure of feed water tank of 0.8734 MPa. The maximum thermal efficiency reached is 29.096 % with the steam generator pressure of 4 MPa. The thermal efficiency will decrease by decreasing the steam generator pressure. Figure 5 Figure 7 . The improvement in this thermal efficiency with the various tanks will result in the construction of the HTGR-10 to the electrical power of about 3.075 MWe. This result shows improvement values of as much as 2.65 % in thermal efficiency and 0.271 MWe in electric power output. Thus this study shows that regenerative steam cycle for HTGR-10 concept is more efficient as compared to basic steam cycle as it preserves the environmental quality. Table 3 identifies isentropic turbine efficiency for small power reactor with steam cycle including HTR-10, RGTT30 concept, and the present work (HTGR-10 concept) by using the Cycle-Tempo software. Operating conditions of them were conducted with the same data at the reactor core. It can be seen that isentropic turbine 80 efficiency of the HTGR-10 concept is higher than those of others. This is caused transmitted heat flow within condenser for the HTGR-10 concept is low so that cooling water is small for the same thermal power. The outlet temperature of the cooling water is 22.01 °C and mass flow rate is 225.327 kg/s. This result shows that the regenerative steam cycle with two tanks can be properly applied for the HTGR-10 concept. 
CONCLUSIONS
The present study focuses on the electrical power generation based on regenerative steam cycle that can be very useful for HTGR-10 concept with thermal power of 10 MWth. The analyses of the efect of thermodynamic parameters on the thermal efficiency of the regenerative steam cycle leads to the following points: (a). Thermal efficiency increases with an increase of amounts of tanks (including feed water tank and intermediate feed water tank); (b). There is extraction pressure combination that gives the maximum thermal efficiency of 29.096 %; (c). The optimum thermal efficiency should run at an inlet pressure of intermediate feed water tank from 0.05 MPa to 0.7 MPa and an inlet pressure of feed water tank from 0.3 MPa to 2.3 MPa; (d). Increased efficiency of the turbine will enhance thermal efficiency; (e). For the condition of the pumps efficiencies remains, the thermal efficiency value rises.
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